are often localized far away from the soma, mitochondria are actively transported to these sites [6] [7] [8] [9] [10] [11] . Also, the removal and degradation of mitochondria are tightly regulated [9, 12, 13] , because dysfunctional mitochondria are a source of reactive oxygen species, which can damage the cell [14] . Deficits in mitochondrial trafficking have been proposed to contribute to the pathogenesis of Parkinson's disease, schizophrenia, amyotrophic lateral sclerosis, optic atrophy, and Alzheimer's disease [13, [15] [16] [17] [18] [19] . In neuronal cultures, about a third of mitochondria are motile, whereas the majority remains stationary for several days [8, 20] . Activity-dependent mechanisms cause mitochondria to stop at synaptic sites [7, 8, 20, 21] , which affects synapse function and maintenance. Reducing mitochondrial content in dendrites decreases spine density [22, 23] , whereas increasing mitochondrial content or activity increases it [7] . These bidirectional interactions between synaptic activity and mitochondrial trafficking suggest that mitochondria may regulate synaptic plasticity. Here we investigated the dynamics of mitochondria in relation to axonal boutons of neocortical pyramidal neurons for the first time in vivo. We find that under these circumstances practically all mitochondria are stationary, both during development and in adulthood. In adult visual cortex, mitochondria are preferentially localized at putative boutons, where they remain for several days. Retinal-lesion-induced cortical plasticity increases turnover of putative boutons but leaves mitochondrial turnover unaffected. We conclude that in visual cortex in vivo, mitochondria are less dynamic than in vitro, and that structural plasticity does not affect mitochondrial dynamics.
In Brief
Mitochondria are actively transported in axons and influence synaptic function and plasticity. Using two-photon microscopy, Smit-Rigter, Rajendran et al. find that, surprisingly, axonal mitochondria in developing and adult neocortex in vivo are much less motile than in culture, and that structural plasticity does not affect mitochondrial turnover.
preferentially localized at putative boutons, where they remain for several days. Retinal-lesion-induced cortical plasticity increases turnover of putative boutons but leaves mitochondrial turnover unaffected. We conclude that in visual cortex in vivo, mitochondria are less dynamic than in vitro, and that structural plasticity does not affect mitochondrial dynamics.
RESULTS AND DISCUSSION

Few Motile Mitochondria in Axons of Pyramidal Neurons in Visual Cortex In Vivo
To fluorescently label mitochondria and the neuronal structures in which they are localized, we performed in utero electroporation with two DNA constructs driving expression of mitomTurquoise2 and membrane-associated YFP. A cranial window was implanted once mice had reached the age of 8-10 weeks. This allowed us to visualize mitochondria in axonal arbors of layer 2/3 pyramidal neurons in V1 in vivo using two-photon microscopy (Figures 1A-1C ; Movie S1). Two to three weeks after cranial window implantation, optical imaging of intrinsic imaging was performed to localize monocular V1. One week later, axonal branches in layer 1 and upper layer 2 were imaged using in vivo two-photon microscopy. We found that the density of mitochondria was 0.09 per mm ( Figure 1D) . Surprisingly, the fraction of axonal mitochondria that were motile was only 0.83% ( Figure 1E ), much lower than the 10%-30% previously observed in neuronal cultures [6] [7] [8] [9] [10] . We therefore asked whether the difference in mitochondrial motility was caused by the different experimental condition (in vivo versus in vitro) or by the difference in the age of the imaged neurons. We assessed mitochondrial motility in axons imaged in developing V1, both in vivo and in vitro (Movies S2 and S3). For this purpose, we again used in utero electroporation to fluorescently label mitochondria and axons of layer 2/3 (A) Timeline of the experiment. Embryos at stage 16.5 days postgestation (E16.5) were electroporated to fluorescently label sparse layer 2/3 V1 pyramidal neurons and their mitochondria. For in vitro experiments, brain slices from postnatal day 5 (P5) pups were cultured for 6-10 days prior to imaging. P10-P13 pups were used for acute two-photon imaging. For chronic in vivo experiments, adult mice were window implanted, retinotopy was determined, and V1 was repeatedly imaged every 4 days. (legend continued on next page) pyramidal neurons. Axonal branches were imaged within layers 1 and 2 of visual cortex either in vivo at postnatal day (P)10-P13 or in slice cultures prepared at P5 and imaged 7-8 days later. Representative kymographs ( Figure 1C ) already show that mitochondria in slice cultures were more dynamic than in vivo. The fraction of mitochondria undergoing trafficking during 2 min of imaging was 15.3% in slice cultures, similar to what was observed previously in hippocampal slice cultures [20] and significantly different from what we observed in adult V1 (p < 0.0001; Figure 1E ). The density was 0.09 per mm, similar to that in vivo (p > 0.05; Figure 1D ). In developing visual cortex in vivo, the situation was not significantly different from what we observed in adult V1. The fraction of mitochondria that were motile was 1.06%, and the density was 0.12 per mm ( Figures 1D and 1E) . A lack of motile mitochondria was recently observed in dendrites of ex vivo retinal ganglion cells from adult mice [24] . In retinal ganglion cell dendrites, the reduction of mitochondrial motility appeared to be related to the age of the neurons. Our data suggest that culture conditions influence mitochondrial motility. Possibly, this apparent discrepancy is caused by the different cell type or neuronal compartment studied.
Mitochondrial Localization in Relation to Putative Boutons
Previous work has shown that about 40% of all mitochondria are localized close to synaptic boutons [25] and that mitochondria close to a bouton are more stable than other mitochondria in an axon [20] . Considering the large difference between the mitochondrial dynamics in vivo and in vitro, we wondered whether the previously observed relationships between mitochondrial dynamics and synaptic boutons were also different.
We therefore studied how mitochondria were distributed in relation to putative boutons in axons of adult V1 pyramidal neurons and at what rate mitochondria appeared or disappeared. Axonal branches in layer 1 and upper layer 2 were imaged 11 times at 4-day intervals ( Figure 1A ). Putative boutons were present at a density of 0.10 ± 0.01 per mm. Of all mitochondria, 49% were found in the direct vicinity (<2 mm) of a putative bouton, and 29% of all putative boutons had a mitochondrion nearby ( Figure 2A ). This is similar to what has been observed previously in cortical cultures and somewhat lower than in hippocampus in vitro (43%) [20] or ex vivo (41%) [25] . To test whether the distribution of mitochondrial localization relative to the position of putative boutons was random, we randomly repositioned boutons on each axon 1,000 times. When we compared the distribution of distances between mitochondria and the nearest putative bouton in the actual measurements to that in the shuffled data, we found that it was skewed significantly toward localization closer to putative boutons (p < 0.001; Figure 2B ).
Relationships between the Turnover of Putative Boutons and Mitochondria
Chronic imaging of putative boutons in V1 revealed that they were lost and gained at a rate of 6%-8% (loss 7.26% ± 0.86%
[SEM], n = 42 axons; gain 6.39% ± 0.8%, n = 42) every 4 days, similar to what was previously observed by others [26] . Despite the very small fraction of motile mitochondria in axons of adult V1, we found that mitochondria did not remain stationary for more than several days. Of all mitochondria, 63.8% had moved away from their initial location, defined by a 1.2-mm-diameter circle, after 4 days and 61.8% of mitochondria newly appeared during the same time interval ( Figure 2C ). These turnover rates are similar to what was observed in hippocampal slices in vitro [20] . When we analyzed the persistence of mitochondria, we found that the data could be fitted with an exponential curve toward zero ( Figure 2D ), indicating that there was no persistent subpopulation of mitochondria. Over 95% of all mitochondria had moved or disappeared in a period of 16 days.
We then analyzed whether there was a relationship between the dynamics of mitochondria and boutons. We asked whether the presence of a putative bouton made it more likely for a mitochondrion to appear. We found that mitochondria were not significantly more likely to appear near a putative bouton than elsewhere ( Figure 2E ). However, the percentage of mitochondria close to a putative bouton that remained 4 days later was 41% compared to 28% of those that were not close to a putative bouton (p < 0.01; Figure 2F ). Next, we tested whether putative boutons that had a mitochondrion close by were more stable than those without a mitochondrion. We found that the percentage of putative boutons with a mitochondrion that were lost 4 days later was 5.7% compared to 8.7% of the putative boutons without a mitochondrion (p < 0.05; Figure 2G) . We conclude that putative boutons keep hold of mitochondria, and that putative boutons with mitochondria are more stable.
Previous studies have found that mitochondria in the direct vicinity of synaptic boutons alter synaptic function. Short-term plasticity is reduced [2, 3, 27] probably due to the Ca 2+ buffering capacity of mitochondria. Mitochondria passing by presynaptic boutons can cause changes in synaptic transmission [28] . The slow but continuous gain and loss of mitochondria at putative boutons we observed suggests that mitochondrion-induced synaptic effects will also occur in adult cortex but on a much slower timescale.
Induction of Structural Plasticity in V1 Induced by Retinal Lesions Does Not Alter Mitochondrial Dynamics
The bidirectional interaction between mitochondrial motility and synaptic activity raises the question of whether mitochondrial transportation is also involved in long-term plasticity in visual cortex. We therefore wanted to understand whether changes in synaptic activity resulting in cortical plasticity would affect mitochondrial dynamics. To address this question, we performed monocular lesions in the part of the retina projecting to the monocular area of V1 ( Figure 3A) . The procedure eliminates all feedforward visual input to the corresponding lesion projection zone (LPZ) in V1. It causes a prolonged period of increased Figure S1 .
(B) The distribution of distances of mitochondria to the nearest bouton (light gray; 3.65 ± 0.22 mm, n = 468 axons) is shown in comparison with the distribution when boutons on each axon were randomly redistributed 1,000 times (dark gray; 4.64 ± 0.001 mm, n = 468,000). The mean distance of mitochondria to the nearest bouton in the actual measurements is lower than in these shuffled data (p < 0.001, Kolmogorov-Smirnov test).
(C) The majority of mitochondria did not remain at the same location, defined by a 1.2-mm-diameter circle, during a 4-day period (4-day loss 63.8% ± 2.5%, n = 41 axons; gain 61.8% ± 2.7%, n = 41).
(D) Mean survival fraction of mitochondria (mitochondria persistent from day 0) at different time points (black circles) perfectly fits an exponential curve (black trace).
(legend continued on next page)
bouton and dendritic spine turnover [29, 30] , eventually resulting in increased responsiveness of the LPZ to stimuli in neighboring visual-field positions [31, 32] . The loss of putative boutons measured during the time points after retinal lesioning increased 1.8-fold (p < 0.001; Figure 3B ). The gain of putative boutons also showed an upward trend, which was, however, not significant ( Figure 3C ). Despite the change in putative bouton turnover, neither the loss nor the gain of mitochondria changed upon retinal lesioning (Figures 3D and 3E) . We conclude that structural plasticity of axonal boutons is not associated with altered turnover of mitochondria. This does not contradict previous findings that mitochondrial function is important for synapse stability, but opposes the idea that activity-regulated recruitment or removal of mitochondria contributes to bouton turnover during cortical plasticity. Several studies have implicated mitochondria in postsynaptic plasticity mechanisms [7, 22, 23] . Furthermore, neuronal activity had different effects on mitochondrial motility in axons and dendrites [8] . The very high density of mitochondria in dendrites of cortical pyramidal neurons in vivo unfortunately prohibited us from studying postsynaptic changes in mitochondrial dynamics.
Other in vivo studies examining mitochondrial trafficking in axon tracts reported a larger proportion of motile mitochondria. In spinal cord of zebrafish this fraction was approximately 10% [33] , similar to what was observed in mouse peripheral nerves [34] or optic nerve [35] . The absence of boutons in the imaged axon tracts may explain the difference between our in vivo data, obtained in cortical axons forming many synapses, and these previously published in vivo data.
It appears unlikely that the presence or absence of boutons also explains the difference in mitochondrial motility we observe between in vitro and in vivo preparations. We have no clear indications that axonal boutons in slice cultures are less active or dense than in vivo. Interestingly, high glucose concentrations reduce mitochondrial motility through activation of the enzyme O-Linked N-acetylglucosamine transferase [36] . In vivo, this enzyme is strongly enriched in synaptic boutons [37] . Possibly, glucose concentrations are distributed more unevenly in vivo than in vitro and peak preferentially in synaptic boutons, thus keeping mitochondria in place through O-Linked N-acetylglucosamine activation.
In summary, our results show that in adult V1, the fraction of motile mitochondria is much lower than observed in vitro and that plasticity-induced bouton turnover is not accompanied by altered mitochondrial dynamics. It will be highly informative to use the experimental strategy that we employed here to study the proposed involvement of mitochondria in brain diseases such as Alzheimer's disease, Parkinson's disease, and schizophrenia.
EXPERIMENTAL PROCEDURES Animals
All animal procedures were carried out with the approval of the institutional animal care and use committee of the Royal Netherlands Academy of Arts and Sciences. Animal experiments were carried out on C57BL/6J mice or F1 progenies of CBA/CaJ female mice crossed with C57BL/6J males.
In Utero Electroporations
In utero electroporations were performed as described previously [38] . Plasmids drove expression of mito-mTurquoise2 and YFP-F (all adult in vivo experiments). For in vivo experiments in pups and in vitro experiments, mitoDsRed was used together with GCaMP6 or GFP, respectively. Expression of fluorescent proteins was driven by the pCAG promoter. Mito-mTurquoise2 and mito-DsRed contained the mitochondrial targeting sequence from subunit VIII of human cytochrome c oxidase (COXVIII) causing mitochondrial localization as previously described [7, 21] .
Retinal Lesions and Intrinsic-Signal Imaging
Monocular retinal lesions were made as described previously [29, 39] . The lesions were 20 3 10 to 40 3 30 in size and localized dorsally above the optic disk. Six to eight days later, intrinsic-signal imaging to determine the lesioned area was performed as described [38] . So that a retinotopic map could be obtained, rectangular square-wave drifting gratings were presented four times for 6 s in each of 24 (6 3 4) equal squares on a liquid-crystal-display (LCD) screen, covering the visual field from À15 to +45 elevation and À15
to +75 azimuth. Optic-disk projection on the visual field ( Figure 3A ) was positioned as previously described [39] .
In Vivo Two-Photon Microscopy in Adult Mice
Cranial window implantation was performed as described [38] . For visualization of putative boutons and mitochondria in V1, animals (P90-P120) were anesthetized with ketamine and xylazine (100 mg/kg and 10 mg/kg i.p., respectively) and fixed on a magnetic head stage in the two-photon setup. Axons expressing famesylated YFP (YFP-F) down to 100 mm under the dura were selected for chronic image acquisition. Image stacks (40-50 sections, spaced 1 mm apart) were acquired at 512 3 512 pixels, 197 nm per pixel, through a water-immersion Olympus 203/0.95 objective at 73 zoom. A 1.5-W titanium sapphire laser was used at a power of 10%-30%.
Acute In Vivo Two-Photon Microscopy during Development P10-P13 animals were anesthetized with isoflurane (2% in 1 L/min O 2 ) and transferred to the imaging setup. A small craniotomy above visual cortex was performed. The exposed cortical surface was kept moist with cortex buffer and covered with a thin layer of 2% high electroendosmosis agarose. During imaging, isoflurane was decreased to 1% and xyzt stacks were acquired through a 253 water-immersion objective (1.10 NA; Nikon) with 63 zoom: 512 3 256 pixels, frame rate of approximately 1 Hz, z step size of 2 mm, and pixel size of 170 nm for 2 min. A 3-W titanium sapphire laser was used at a power of 5%-15%.
In Vitro Two-Photon Imaging Organotypic slice cultures were prepared at P5 as described [40] . After incubation for 7-8 days, organotypic slices from V1 were cut out of the Millicell insert and placed in a microscope chamber perfused with modified Hank's balanced salt solution kept at 30 C. Images were obtained with (E) Probability that mitochondria appear per unit length of axon does not depend on the presence of a putative bouton (present 3.9% ± 0.3%, n = 41 axons, versus absent 3.5% ± 0.5%, n = 41; Wilcoxon signed-rank test, p = 0.24, W = 522).
(F) The fraction of mitochondria close to putative boutons that is stable over a 4-day period is larger than that of mitochondria more than 2 mm away from putative boutons (close by 41.5% ± 3.8%, n = 40 axons, versus remote 27.9% ± 3.0%, n = 40; Wilcoxon signed-rank test, p < 0.01, W = 561.5).
(G) Fraction of putative boutons that is lost is lower when a mitochondrion is close (<2 mm away) over a 4-day period than those without a mitochondrion close by (close by 5.7% ± 1.1%, n = 41 axons, versus remote 8.7% ± 1.3%, n = 41; Wilcoxon signed-rank test, p < 0.05, W = 242.5).
The top panels of (E)-(G) are schematic representations of the dynamics quantified in the bar graphs (bottom); left and right arrows represent left and right bars, respectively. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01.
the same Nikon two-photon microscope and the same laser power range as used for acute in vivo imaging in pups (5%-15%). Time-lapse recordings were performed at a frequency of 1 Hz, pixel size of 210 nm, for 2 min.
Image Analysis
Putative boutons and mitochondria were manually identified by custom-made software running on Matlab (MathWorks). A putative bouton had to be wider and at least 50% brighter than the axon. A 1.2-mm-diameter circle was positioned around the putative bouton or mitochondrion once it was identified.
Mitochondria were considered moved/lost once they were no longer positioned in the initial circle. Mitochondria were considered close to a putative bouton when the center-to-center distance of the putative boutons and mitochondria was equal to or less than 2 mm. For analysis of mitochondrial dynamics, time-lapse images were drift corrected using a custom-made Matlab app (kindly provided by J. Winnubst). ImageJ (NIH) was used to obtain kymographs from all axonal stretches of >40 mm in length, and mitochondrial displacements were manually traced. Only displacements of >2 mm were counted. Analysis was constricted to the first 2 min of imaging due to bleaching. Retinal lesioning results in an increased loss of putative boutons (before lesion 5.5% ± 1.1%, n = 65 axons; after lesion 9.8% ± 0.7%, n = 65; Wilcoxon signedrank test, p < 0.001, W = 523.5).
(C) Retinal lesioning causes no significant change in gain of putative boutons (before lesion 6.6% ± 1.20%, n = 65 axons; after lesion 8.0% ± 0.7%, n = 65; Wilcoxon signed-rank test, p = 0.11, W = 748).
(D and E) Retinal lesioning did not result in any significant change in mitochondrial loss (D; before lesion 59.1% ± 3.0%, n = 65 axons; after lesion 62.9% ± 1.8%, n = 65; Wilcoxon signed-rank test, p = 0.25, W = 868) or gain (E; before lesion 55.9% ± 3.0%, n = 64 axons; after lesion 60.7% ± 1.7%, n = 64; Wilcoxon signedrank test, p = 0.11, W = 775). Data are presented as mean ± SEM. ***p < 0.001.
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